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of Dcp2-accessible targets for cap-snatching

Kaycie C. Hopkins,' Laura M. McLane,' Tariq Maqbool,! Debasis Panda,' Beth Gordesky-Gold,!
and Sara Cherry'??>

'Department of Microbiology, *Penn Genome Frontiers Institute, University of Pennsylvania School of Medicine, Philadelphia,
Pennsylvania 19104, USA

Bunyaviruses are an emerging group of medically important viruses, many of which are transmitted from insects
to mammals. To identify host factors that impact infection, we performed a genome-wide RNAi screen in
Drosophila and identified 131 genes that impacted infection of the mosquito-transmitted bunyavirus Rift Valley
fever virus (RVFV). Dcp2, the catalytic component of the mRNA decapping machinery, and two decapping
activators, DDX6 and LSM7, were antiviral against disparate bunyaviruses in both insect cells and adult flies.
Bunyaviruses 5’ cap their mRNAs by “cap-snatching” the 5’ ends of poorly defined host mRNAs. We found that
RVFV cap-snatches the 5’ ends of Dcp2 targeted mRNAs, including cell cycle-related genes. Loss of Dcp2 allows
increased viral transcription without impacting viral mRNA stability, while ectopic expression of Dcp2 impedes
viral transcription. Furthermore, arresting cells in late S/early G2 led to increased Dcp2 mRNA targets and
increased RVFV replication. Therefore, RVFV competes for the Dep2-accessible mRNA pool, which is dynamically
regulated and can present a bottleneck for viral replication.
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RNA stability is a key factor in the regulation of eukary-
otic gene expression. Within the RNA moiety, cis ele-
ments, including the 5 7mG cap and the 3’ poly-A tail,
play dual roles in protecting the mRNA from exonucle-
ase-mediated degradation and promoting translation.
RNA degradation is both actively regulated and an
essential part of normal RNA turnover (Tucker and
Parker 2000). Two strategies account for the majority of
mRNA turnover: 3’-to-5’-mediated decay via the exo-
some and 5’-to-3' degradation by the exonuclease Xrnl.
Both strategies are dependent on loss of protective cis
elements; initial deadenylation of the poly-A tail signals
for both exosome-dependent targeting and removal of the
5" 7mG cap by the canonical decapping enzyme Dcp2
(Tucker and Parker 2000). Dcp2 cleavage of the cap
exposes a 5’ monophosphate that is the substrate for
Xrnl (Muhlrad et al. 1994). Furthermore, perhaps as a
regulatory mechanism, the RNA degradation machinery
is largely compartmentalized within the cytoplasm. The
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decapping machinery and the 5'-to-3’ exonuclease are
localized to processing (P) bodies (Ingelfinger et al. 2002;
Van Dijk et al. 2002; Sheth and Parker 2003). P bodies are
granules of ribonucleoproteins (RNPs), microscopically
visible, and dynamic in their size and number. Addition-
ally, P bodies act as storage depots; some RNAs targeted
to the P body are degraded, while others may be released
(Parker and Sheth 2007). Thus, the dynamic control of
mRNA stability and turnover can be regulated by P-body
biology. This is consistent with the fact that cellular
conditions, including stress and translational inhibition,
alter the visible morphology of P bodies within the
cytoplasm (Eulalio et al. 2007D). Interestingly, however,
microscopically visible P-body punctae are dispensable
for the function of multiple mRNA decay pathways,
suggesting that their structure is a marker for increased
pools of accumulating mRNAs (Eulalio et al. 2007Db).

As obligate intracellular pathogens with limited coding
capacity, viral RNAs must replicate to high levels and
hijack the translation apparatus while simultaneously
avoiding the host’s degradation machinery. Furthermore,
RNA viruses must also maintain the stability of different
RNA species, including the genome, anti-genome, and
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mRNA. Viruses have evolved complex strategies to pro-
tect their 5’ ends from exonucleases while facilitating
translation. Some viruses that replicate in the nucleus
hijack the endogenous capping machinery (e.g., retrovi-
ruses), while viruses that replicate in the cytoplasm
cannot. To overcome this barrier, some cytoplasmic
viruses encode their own capping machinery and gener-
ate mRNAs that resemble endogenous mRNAs (e.g.,
rhabdoviruses) (Li et al. 2008a). Other viruses protect
the 5’ end from degradation by covalently attaching a
protein to the 5’ end that prevents targeting by exo-
nucleases (e.g., picornaviruses). However, this prevents
canonical translation, and thus these viruses use internal
ribosome entry sites to engage the translation machinery
(Scotti et al. 1981). Another group of viruses “cap-snatch;”
thatis, they steal the 5’ end of host mRNAs using a virally
encoded endonuclease, generating primers that are used
by the viral RNA-dependent RNA polymerase to generate
viral mRNAs (Garcin et al. 1995). The 5’ end of the viral
mRNA is therefore indistinguishable from endogenous
mRNAs and thus is both protected from degradation and
able to recruit host ribosomes. All negative-sense seg-
mented RNA viruses (orthomyxoviruses, arenaviruses,
and bunyaviruses) cap-snatch. Of these, influenza A virus,
an orthomyxovirus, is the best studied and snatches the
5" end of preemRNAs in the nucleus (Herz et al. 1981;
Plotch et al. 1981). Since bunyaviruses and arenaviruses
replicate in the cytoplasm, they must use a distinct pool
of mRNAs; however, while our mechanistic understand-
ing of bunyaviral cap-snatching is increasing (van Poelwijk
et al. 1996; van Knippenberg et al. 2005; Mir et al. 2010;
Morin et al. 2010; Reguera et al. 2010; Cheng and Mir
2012), little is known about whether the host can combat
this replication step or what pool of endogenous mRNAs
are being targeted for this process.

Bunyaviruses are an emerging group of medically and
agriculturally important viruses, many of which are
insect-borne. Rift Valley fever virus (RVFV) is a mosquito-
borne emerging bunyavirus in Africa that can cause
encephalitic or hemorrhagic symptoms in infected
humans, leads to spontaneous miscarriage in pregnant
livestock, and causes high rates of mortality in young
animals (Pepin et al. 2010; Boshra et al. 2011). Currently,
there are no therapeutics or FDA-approved vaccines to
combat bunyaviral infection. This is in part due to a lack
of understanding of the molecular interactions occur-
ring between bunyaviruses and host cells. We set out to
identify host factors that restrict RVFV infection in
insects using Drosophila as our model insect due to the
ease of genetic manipulation both in vitro and in vivo.
RNAIi in Drosophila cells is robust, and conserved im-
mune biology with humans has been demonstrated (e.g.,
Toll) (Lemaitre et al. 1996), suggesting that we can use
Drosophila to probe both insect and human antiviral
factors (Cherry 2005; Hao et al. 2008; Sabin et al. 2009;
Sessions et al. 2009; Moser et al. 2010; Rose et al. 2011).
Furthermore, Drosophila has been used as a model to
study arboviral infection, including RVFV (Sabin et al.
2009; Sessions et al. 2009; Filone et al. 2010; Moser et al.
2010; Rose et al. 2011; Nakamoto et al. 2012).
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Using genome-wide RNAIi screening in Drosophila
cells, we identified 131 genes that impact RVFV (strain
MP12) infection, including Dcp2, the P-body-resident
mRNA decapping enzyme. Dcp2 restricts RVFV in Dro-
sophila and mosquito cells and also in adult flies. This
restriction is likely general to bunyaviruses, since the
distantly related bunyavirus La Crosse virus (LACV) is
also restricted by Dcp2. Mechanistically, we found that
the viral nucleocapsid (N) is localized to P bodies, and
RVFV competes with the RNA degradation machinery for
target mRNAs. Increasing the pool of mRNAs targeted
for degradation via the depletion of Dcp2 or cell cycle
arrest in late S/early G2 led to increased RVFV replica-
tion, while decreasing targets via ectopic expression of
Dcp2 restricted infection. Therefore, our data point to
a model in which the pool of Dcp2-accessible mRNAs
is dynamically regulated and presents a bottleneck for
RVFV replication.

Results

Genome-wide screening implicates the mRNA decapping
machinery as a restriction factor for RVFV

In order to identify host factors that restrict RVFV, we
performed a high-content genome-wide RNAI screen in
Drosophila cells. Briefly, 384-well plates were arrayed
with dsRNAs targeting ~13,000 genes in the Drosophila
genome (Ambion); Drosophila cells were seeded, and
knockdown was allowed to proceed for 3 d. Cells were
then infected with the MP12 strain of RVFV (multiplicity
of infection [MOI] = 0.25) (Caplen et al. 1985), which
differs by only 11 amino acids from the wild-type strain
ZH548, making it likely that cellular factors that im-
pact MP12 replication will also impact wild-type strains
(Vialat et al. 1997). Thirty hours post-infection (hpi), cells
were stained for total nuclei and RVFV N. Automated
microscopy followed by automated image analysis was
used to calculate the average percent infection per well
(RVFV N-positive cells/total cells) from four sites per
well, and the screen was performed in duplicate. Genes
with a robust Z-score of =1.3 or less than or equal to—1.3
in duplicate (P < 0.05) that were nontoxic (robust Z-score
greater than or equal to—2 in duplicate) were considered
hits (Fig. 1A). One-hundred-seventy-nine genes were
identified, among which 56 were part of multisubunit
complexes (e.g., ribosome and proteasome). Therefore, we
chose only one or two genes per complex to verify as a
representative, leaving 143 genes to validate. We gener-
ated independent dsRNAs targeting unique regions of 143
genes from the initial set and validated 85 genes. In-
cluding the genes identified in the primary screen that
were validated by another member of their complex, this
comes to 131 genes. One-hundred-twenty-four genes re-
stricted infection, while seven promoted infection (Fig.
1B; Supplemental Fig. S1; Supplemental Table S1). In
addition, gene ontology (GO) enrichment analysis in-
dicated that these candidates were significantly enriched
for genes involved in DNA replication, the cell cycle, and
mRNA metabolic processes (Fig. 1C). Importantly, our
gene list was also enriched for genes conserved with
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Figure 1. Genome-wide RNAI screen for host factors that impact RVFV in Drosophila. (A) Genome-wide RNAi screen pipeline. Cells
were plated onto 384-well plates preplated with dsRNAs targeting the Drosophila genome. Three days later, cells were infected with
RVFV MP12 (MOI = 0.25) for 30 h and processed for immunofluorescence. (Green) RVFV N; (blue) nuclei. Automated microscopy
followed by image analysis was used to calculate robust Z-scores, which are shown for each replicate of the screen. (B) Primary
candidates were validated using independent dsRNAs; for complexes with multiple candidates represented in the primary pool,
a selection of genes was validated as representative of the complex. Robust Z-scores from 143 genes shown with validated genes in blue
and genes that did not validate in gray. Dcp2, DDX6, and LSM7 are shown in red, green, and orange, respectively. (C) GO term

enrichment for validated genes.

humans and mosquitoes; 124 were conserved with mos-
quitoes and humans, four were conserved in mosquitoes,
and only three did not have identified orthologs in these
groups. This suggests that the factors and pathways
identified may have conserved interactions with RVFV
replication across multiple relevant hosts.

Additionally, we validated three genes that reside in P
bodies (Sheth and Parker 2003): the canonical mRNA
decapping enzyme Dcp2, LSM7 (part of the heptameric
LSM1-7 complex that participates in decapping activa-
tion) (Nissan et al. 2010), and the Drosophila homolog of
human DDX6/Rck/p54 (Me31B), which has been charac-
terized as an activator of decapping in yeast (Coller et al.
2001; Fischer and Weis 2002), although its mechanism is
unclear (Nakamura et al. 2001; Weston 2006; Sweet et al.
2012) (Figs. 1B, 2A-C; Supplemental Figs. S1, S2; Supple-
mental Table S1). P-body components participate in
multiple mRNA degradation pathways, including silenc-
ing and decapping (Eulalio et al. 2007a), and P-body
morphology can be altered by the loss of specific P-body
components. Loss of Dcp2 leads to increased P-body size,

while the loss of DDX6 leads to the dispersal of P bodies
in Drosophila (Eulalio et al. 2007b; data not shown).
Furthermore, visible P bodies are not necessarily required
for functional activity of P-body-resident proteins, includ-
ing RNA silencing, nonsense-mediated decay (NMD),
and mRNA decay (Eulalio et al. 2007b). Therefore, we
set out to elucidate whether P bodies themselves or
particular functions within P bodies, such as decapping,
were specifically involved in RVFV restriction. We screened
seven other canonical P-body-resident proteins—including
HPat (Patr-1), GW182 (gw), Dcpl (a binding partner for
Dcp2), EDC4 (Ge-1), staufen (stau), LSM14A (tral; not part
of the LSM1-7 complex), and EDC3—and found that
none of them impacted RVFV replication greater than
twofold, although loss of LSM14A or EDC3 led to modest
but significantly increased levels of RVFV infection
(Fig. 2C). Interestingly, LSM14A and EDC3 are mRNA
decapping activators in yeast (Nissan et al. 2010) and are
required for DDX6 recruitment to P bodies in Drosophila
(Tritschler et al. 2009), suggesting that their effects may
be through this mechanism. Our data suggest that while
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Figure 2. Decapping restricts RVFV replication in Drosophila cells. (A) Drosophila cells were treated with the indicated dsRNA for 3 d,
then infected with RVFV (MOI 0.01), and processed for immunofluorescence. (Green) RVFV N protein; (blue) nuclei. (B) Cells were
treated as in A and infected with the indicated virus. dsRNA targeting each virus was used as a positive control (virus). Quantification
of mean fold change in the percentage of cells infected with the indicated virus is shown. (Blue) DCV; (purple) SIN; (red) VSV; (green)
RVFV (MP12 strain). Mean * SD of three or more independent experiments. (**) P < 0.01. (C) Cells treated as in A with P-body
component dsRNAs were quantified for the mean fold change in the percentage of RVFV-infected cells. Decapping activators are
indicated, and genes significantly affecting RVFV replication are highlighted in blue. Mean * SD of three or more independent
experiments. (*) P < 0.05. (D) Representative deconvolved plane of a Drosophila cell expressing myc-Dcp2 (green) and infected with
RVFV for 30 h. (Red) RVFV N (blue) nuclei. (E) Quantification of RVFV N and myc-Dcp2 punctae colocalization events per cell (>150
cells from three independent experiments). The majority of infected cells (~90%) have at least one colocalization between Dcp2 and

RVFV N.

RVFV replication is restricted by mRNA decapping (Dcp2
and four decapping activators), P-body integrity is not
essential for this restriction or RVFV replication.

Dcp? restricts the bunyavirus RVFV but not other
families of RNA viruses

In order to determine the specificity of this restriction, we
tested whether Dcp2 impacts the replication of RNA
viruses from three disparate families: Drosophila C virus
(DCV), Sindbis virus (SINV), and vesicular stomatitis
virus (VSV). DCV is a positive-sense RNA picorna-like
virus and natural pathogen of Drosophila (Johnson and
Christian 1998; Cherry and Perrimon 2004). DCV does
notuse a5’ cap for translation but rather couples a protein
to the 5’ end for protection and uses internal ribosome
entry sites for translation (Scotti et al. 1981; Wilson et al.
2000). SINV is a human arbovirus that is a positive-sense
RNA alphavirus, and VSV is an arbovirus that is a negative-
sense sSRNA rhabdovirus; both of these viruses encode
their own 5’ capping machinery (Ahola and Kiiridinen
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1995; Li et al. 2008a). We found that Dcp2 specifically
restricts RVFV, since depletion of Dcp2 has no impact on
the level of infection by DCV, SINV, or VSV (Fig. 2B).
Since the only known role for Dep2 is in decapping and it
selectively restricted RVFV, we hypothesized that decap-
ping per se specifically limits RVFV replication through
this biological function.

RVFV N associates with P bodies

Since we identified P-body-resident proteins as antiviral
against RVFV, we tested whether the viral replication
machinery and P bodies interact during RVFV infection.
Previous studies of the distantly related bunyavirus Sin
Nombre virus found that the N protein, necessary for cap-
snatching, forms visible punctae in mammalian cells that
colocalize with the P-body-resident protein DCPla (Mir
et al. 2008). We generated cells expressing Dcpl-GFP,
which labels P bodies (Eulalio et al. 2007b), and infected
them with RVFV for 30 h. Analysis of these cells dem-
onstrated that N punctae partially overlapped with P-body



punctae (Supplemental Fig. S3A). More than half of the
infected cells presented with at least one colocalization
(Supplemental Fig. S3B). Furthermore, the majority of
these events presented with partial overlap rather than
complete colocalization (only three colocalizations were
found to be coincident), resembling previous reports
showing that P bodies may contain distinct compart-
ments (Sen and Blau 2005; Weil et al. 2012). Additionally,
colocalization studies examining P bodies and the Ty3
retrotransposon in yeast have shown similar patterns of
partial overlap (Beliakova-Bethell et al. 2006). Since Dcp2,
but not Dcpl, is antiviral (Fig. 2C), we next examined
whether Dep2 colocalized with RVFV N. We generated
cells expressing myc-Dep2 (Jiger and Dorner 2010) and
infected them with RVFV for 30 h. We found that co-
incident colocalization occurred in ~90% of infected
cells (Fig. 2D, E), while only a small subset of cells showed
instances of partial overlap between RVFV N and Dcp2
punctae (~2%). Interestingly, when we coexpressed Dcpl-
GFP and myc-Dcp2, we saw a spectrum of overlap where
the large majority of punctae had substantial overlap of
Dcpl and Dcp2, while others showed partial overlap or no
overlap (Supplemental Fig. S3C). This suggests complexity
to these compartments. Taken together, our data suggest
that RVFV (and perhaps bunyaviruses in general) interacts
with P bodies or P-body-resident proteins.

Dcp?2 restricts bunyavirus infection in adult flies

We set out to determine the role of Dcp2 in antiviral
defense against RVFV at the organismal level in adult flies
(Filone et al. 2010). Arboviral infection of the insect host
is controlled by the innate immune system. If compro-
mised, an otherwise nonlethal infection can become
pathogenic and potentially fatal (van Rij et al. 2006; Wang
et al. 2006; Sabin et al. 2009). Since Dcp2 is an essential
gene (Lin et al. 2006; Pressman et al. 2012), we used in vivo
RNAI technology to deplete Dcp2 post-developmentally
in adult flies to determine the impact of the decapping
machinery on RVFV replication. Briefly, transgenic flies
bearing a UAS element driving the expression of an in-
verted repeat (IR) against Dcp2 were crossed to flies ex-
pressing the Gal4 protein under the control of a heat-
shock-inducible promoter. Adult flies were subjected to
heat shock, driving expression of the snap-back transgene
and mRNA depletion, which had no impact on survival
(Supplemental Fig. S3A,B). As expected, control flies in-
fected with RVFV presented with little mortality; how-
ever, Dcp2-depleted flies succumbed to RVFV infection
(Fig. 3A). This increase in mortality was accompanied
by increased levels of viral replication as measured by
Northern blot at 6 d post-infection (dpi) (Fig. 3B, C). We
also examined viral RNA levels at 20 dpi, when flies are
dying from infection, and found that while we see less of
an increase in Dcp2-depleted flies compared with day 6,
increased replication continues late into infection (Sup-
plemental Fig. S4C,D). We hypothesize that the differ-
ences we see are greater at day 6 due to highly infected
flies in the population succumbing to infection by 20 dpi.
Additionally, we tested whether decapping restricted

Decapping and viral cap-snatching compete for mRNA

another distantly related bunyavirus, LACV, an ortho-
bunyavirus transmitted by mosquitoes to humans
(Gerhardt et al. 2001; Haddow and Odoi 2009). Control
flies challenged with LACV presented with little mortality,
while Dcp2-depleted flies succumbed to LACV infection
(Fig. 3D). Additionally, we found increased viral RNA
levels in flies infected with LACV as measured by quan-
titative RT-PCR 6 dpi (Supplemental Fig. S4E). Thus, Dcp2
restricts bunyaviruses both in cell culture and in vivo in
adult flies.

Decapping restricts RVFV in Aedes aegypti mosquito
cells

RVFV is unusual among arboviruses in that it has been
isolated in nature from a large number of mosquito
species, and numerous mosquitoes can experimentally
transmit this virus, including A. aegypti, the major vector
for Dengue virus (Turell et al. 2010). Since there are no
cell lines available for many of the more common vector
mosquitoes that transmit RVFV and their genomes have
not been sequenced, we took advantage of the fact that
A. aegypti is a sequenced vector mosquito. Aag-2 cells,
derived from these mosquitoes, are permissive to RVFV
and amenable to robust RNAi (Fig. 3E; Campbell et al.
2008; Moutailler et al. 2011). There are two annotated
Dcp2 orthologs in the A. aegypti genome (AAEL015607
and AAEL000783) with 99% amino acid sequence iden-
tity, allowing us to design a single dsRNA targeting a
conserved region of both Dcp2 genes to deplete both
simultaneously. Aag-2 cells were subjected to RNAi
using the same method as with Drosophila cells. Three
days post-RNAI, cells were challenged with RVFV (MOI
of 0.06) for 24 h, fixed, and stained for total nuclei (Fig. 3E,
blue) and RVFV N protein (Fig. 3E, green). Automated
microscopy and automated image analysis revealed a sig-
nificant increase in the percentage of RVFV-infected
Dcp2-depleted mosquito cells (Fig. 3E,F), suggesting that
decapping is a conserved mechanism of bunyaviral re-
striction among insects.

Dcp2 does not restrict RVFV by directly decapping
viral mRNAs

One major difference between the replication strategies
of segmented negative-sense viruses (RVFV and LACV)
and nonsegmented negative-sense viruses (VSV) is the
mechanism by which they cap their viral mRNAs. While
VSV encodes its own 5’ capping machinery (VSV L) (Li
et al. 2008a), RVFV does not. Rather, all segmented
negative-sense RNA viruses (bunyaviruses, arenaviruses,
and orthomyxoviruses) “cap-snatch” the 5’ ends of host
mRNAs, simultaneously defending the 5’ end of their
mRNAs from exonucleases and facilitating translation.
Bunyavirus-encoded N protein specifically binds the 5’
caps of host mRNAs (Mir et al. 2010). The viral RNA-
dependent RNA polymerase (L), which has endonucleo-
lytic activity (Patterson et al. 1984; Reguera et al. 2010),
then cleaves host mRNAs 10-18 nucleotides (nt) down-
stream from the 5’ cap and uses this primer as a template
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(D) Flies as described in A were challenged with LACV. Percentage of survival is graphed as a function of time. A representative of at
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mean * SD shown. (**) P < 0.01.

for viral mRNA transcription (Patterson et al. 1984,
Bouloy et al. 1990; Simons and Pettersson 1991). Thus,
all viral mRNAs from this family (RVFV encodes four
mRNAs) (Supplemental Fig. S5) begin with a short se-
quence of nucleotides of nonviral origin.

We reasoned that if Dcp2 restricts RVFV replication at
the step of cap-snatching, there are three likely mecha-
nisms: (1) Dcp2 may be restricting the pool of available
host mRNAs through normal metabolic turnover (in-
direct mechanism); (2) following cleavage by the viral
L protein, short host-derived primers may be decapped
prior to viral RNA transcriptional elongation; and (3)
Dcp2 may be directly decapping host mRNA-viral mRNA
conjugates following or concomitant to viral transcription
(direct mechanism). The second mechanism is highly
unlikely; following cap-binding and cleavage, the 5’ cap is
bound by viral proteins and thus is likely occluded from
Dcp2 recognition (Mir and Panganiban 2008), and in
yeast, Dcp2 has been shown to be largely inactive on
mRNAs <30 base pairs (bp) (Steiger et al. 2003).

In order to clarify which of the other mechanisms
restricts RVFV, we took two approaches: We first assayed
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the cap status of viral mRNAs in the presence or absence
of Dcp2, and second, we examined the decay rate of viral
mRNA species in the presence or absence of Dcp2. First,
we developed an assay to distinguish capped mRNAs from
those that have been decapped by Dcp2, which leaves a
5’ monophosphate on mRNAs following cap cleavage
(Mubhlrad et al. 1994). Terminator exonuclease degrades
5" monophosphate-bearing RNAs, including those that
are the product of Dep2-mediated decapping. Cellular 285
rRNA, which natively has a 5' monophosphate, was
completely digested by this enzyme (Fig. 4A,B), while
the capped mRNA dRPS6 remained largely intact (95%
protected) (Fig. 4A,C,D). We also analyzed the level of
background digestion that occurs in this assay by radio-
labeling the cap of GFP mRNA transcribed in vitro and
then subjecting these capped mRNAs to digestion in the
presence or absence of cellular mRNA, as this is the
context of our experimental samples. We found that
without cellular RNA, ~18% of the GFP signal was lost
in digested samples compared with mock controls. In-
terestingly, this level of digestion was reduced to ~12%
with the addition of cellular RN A, presumably due to the



Decapping and viral cap-snatching compete for mRNA

A 3 2 2 B Figure 4. Dcp2 does not directly degrade viral
Qo — fo . . .
2 8 o & o z 2 ook mRNA. (A) Drosophila cells treated with the in-
= o o . . .
dsRNA: 5 2 8 3 & % g = digested dicated dsRNA and infected with RVFV; total RNA
Digested: - - .+ _+ - E 1.5 was either mock-treated or digested with terminator
5'7mG |:| RVFVNmMRNA & exonuclease as indicated. Northern blots were probed
[ .
> 1 for RVFV N mRNA (capped transcript), 28S rRNA (5’
g c 7
& monoP 285 rRNA 2 . monophosphate-bearing control transcript), or the
) 5 08 cellular capped dRPS6 mRNA. (B) Quantification of
5'7mG dRPS6 mRNA ] * i i i
oy = 28S rRNA as shown in A, normalized to luciferase
Uninfected Luciferase  Dop2 mock-treated. Mean = SD for three or more inde-
dsRNA pendent experiments. (*) P < 0.05. (C) Quantification
C D E F of RVFV N mRNA in mock-digested samples nor-
2 ns. 14 6 x g2 malized to luciferase control. Mean *+ SD for three or
1.8 é 12 5 g more independent experiments. (*) P < 0.05. (D) Ratio
8 1'2 8 s z z of digested RVFV N mRNA divided by the mock-
z ., % : E 4 08 n.s. treated sample, yielding the ratio of mRNA that is
& 5 08 %3 2 06 refractory to digestion. Mean *+ SD for three or more
[ o N . . . e
208 206 s g independent experiments. (n.s.) Not significant. (E)
o o[ . . . .
206 804 z 2 z 04 Quantification of dRPS6 transcript in mock-digested
o [<] . .
“ 04 g ) ey z 02 samples normalized to luciferase control. Mean *
0.2 ’ . SD for three or more independent experiments. (n.s.)
0 o . .
Luciferase  Dcp2 Luciferase Dcp2 Luciferase  Dcp2 Luciferase  Dcp2 NOt SIsnlfl(%alilt' (F) Rath Of dlgested dRPSé mRNA
dsRNA Digest  Digest dsRNA Digest  Digest transcript divided by the mock-treated sample, yield-
G Luciferase Dep2 ing the ratio of mRNA that is refractory to digestion.

0 30 60 90120150 0 30 60 90 120 150

| e S P S S —-
L ad * ¥

. Sy “":..

+

abel |

H I

100

Time post CHX addition:

N mRNA

| ciferase
e==Dcp2

e=|_\ciferase
e==Dcp2

80
60
40

50
20

Percent N mRNA remaining
Percent S gRNA remaining

o

30 60 90
Time post CHX addi

0 30 60 90 120
Time post CHX addition (min)

150 0

abundance of rRNA competing for digestion (Supplemen-
tal Fig. S6A).

If Dcp2 were directly decapping viral mRNAs post-cap-
snatching, loss of Dcp2 would increase the proportion of
undigested viral mRNA (capped) present in the viral RNA
pool. Conversely, if Dcp2 were decapping the mRNA
substrates available for RVFV to snatch from, there would
be no change in the relative proportion of mRNA that was
digested, even though there would be an increase in
overall viral mRNA levels.

Since the N and nonstructural protein (NSs) mRNAs are
significantly different in size from their genomic segment,
this allows us to distinguish them from the small (S)
genomic RNA. In contrast, the other viral mRNAs are not
sufficiently different in size from the genomic RNA to
distinguish by Northern blot (Supplemental Fig. S5). Thus,
we chose to examine the N transcript, since it is essential;
NSs is dispensable for replication in cell culture (Bouloy and
Flick 2009). We found that ~75% of the viral N mRNA was
protected from digestion in control cells, presumably by a 5
cap (Fig. 4F); accounting for background levels of digestion,

S segment gRNA

Mean + SD for three or more independent experi-
ments. (n.s.) Not significant. (G) Drosophila cells
were treated with the indicated dsSRNA and infected
with RVFV. Twenty-eight hours post-infection, cells
were treated with CHX, and total RNA was collected
at the indicated time after CHX treatment. Northern
blots were probed for RVFV N mRNA, the S-segment
genome, and 28S rRNA as a loading control. (H)
Quantification of RVFV N transcript in CHX-treated
samples as shown in G. Mean *+ SD for three or more
independent experiments; no time points were signif-
icantly different between control and Dcp2-depleted
cells. (I) Quantification of the RVFV S-segment
genome in CHX-treated samples as shown in G.
Mean * SD for three or more independent experi-
ments; no time points were significantly different.

120
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this suggests that anywhere from 13% to 25% of the viral
mRNA is uncapped natively. Moreover, we observed that
Dcp2 knockdown leads to an overall increase in viral N
mRNA levels (Fig. 4A,E); however, Dcp2 knockdown
did not significantly alter the proportion of protected N
mRNA (Fig. 4A,F). This suggests that Dcp2 does not
directly decap viral mRNAs. Furthermore, we found that
Dcp2 does not seem to regulate the steady-state levels of
the housekeeping mRNA dRPS6, as there is no change in
dRPS6 mRNA in the presence or absence of Dcp2 with or
without digestion (Fig. 4A,C,D). These findings suggest
that Dcp2 restricts the RNA substrates available for
RVFV-mediated cap-snatching and does not globally af-
fect the cap status of mRNAs within the cell. This is
consistent with the finding that Dcp2 does not globally
regulate mRNA turnover but impacts the stability of only
small subsets of mRNAs from yeast to humans (Li et al.
2008b, 2012; Yoon et al. 2010). Furthermore, depletion
of the P-body-resident 5’-to-3’ exonuclease Xrnl does
not impact viral infection levels, N transcript levels, or
digestion assay results, suggesting that viral mRNAs
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themselves are not under considerable pressure from the
5'-t0-3’ degradation pathway (Supplemental Fig. S6B-D).

Since there was a degree of background digestion oc-
curring with the exonuclease assay, we set out to directly
determine whether Dcp2 impacted viral mRNA stability.
Unlike cellular mRNAs, whose decay can be measured by
treatment with actinomycin D and subsequent monitor-
ing for loss of mRNA, viral RNA-dependent RNA poly-
merases are refractory to actinomycin D, preventing
the use of this approach. However, a unique feature of
bunyaviruses is that transcription of mRNAs is coupled
to translation (Barr 2007); therefore, treatment with
cycloheximide (CHX), which inhibits translational elon-
gation, prevents viral mRNA transcription, allowing us to
examine the rate of viral mRNA decay.

For these studies, we infected dsRNA-treated Drosoph-
ila cells with RVFV for 28 h and then treated cells with
CHX. We collected total RNA every 30 min and exam-
ined viral mRNA levels via Northern blot (Fig. 4G). RVFV
N mRNA has a half-life of ~30 min (Fig. 4H). Further-
more, RVFV N mRNA decayed at the same rate in Dcp2-
depleted and control cells (luciferase) (Fig. 4H), suggesting
that Dcp2 is not affecting viral mRNA stability. Further-
more, we observed no changes in viral genome levels over
time with CHX treatment in the presence or absence of
Dcp2, indicating that short-term disruption of transla-
tion does not globally impact the stability of other RNA
species (Fig. 41). Altogether, these data suggest that Dcp2
is not directly decapping viral mRNAs but rather decaps
specific pools of mRNA that are the preferential targets of
RVFV cap-snatching.

RVFV selectively snatches cell cycle-related mRNAs

As our results suggest that Dcp2 and RVFV compete for
the same pool of mRNA targets, we set out to determine
which mRNAs were being snatched. This may also reveal
the particular mRNAs that are regulated by Dcp2-
dependent decapping. Thus, we performed 5° RNA ligase-
mediated (RLM)-RACE and sequenced the 5’ ends of viral
N mRNA transcripts from RVFV-infected Drosophila
cells. Of the 40 sequenced reads, we were able to align
33 to the 5’ end of endogenous RNAs (Fig. 5A; Supple-
mental Fig. S5). Of these 33, we found four instances in
which we found the same gene being snatched in in-
dependent experiments, leaving 29 independent genes.
There were no obvious consensus sequence motifs within
this gene set, suggesting that if there are structural or
sequence-specific motifs targeted by Dcp2, they are not
contained within the first 15 nt. We found that while nine
of the 29 genes had no annotated GO terms, half of the
remaining 20 genes (10) had terms associated with the
cell cycle and mitosis (Fig. 5A; Supplemental Fig. S7).
To determine whether the stability of these target
mRNAs is impacted by Dcp2, we performed RNAi in
Drosophila cells and assayed host mRNA levels by
quantitative RT-PCR. We found that, indeed, mRNA
levels for three genes tested (CG8878, CG7580, and
Jupiter) were increased upon Dcp2 depletion (Fig. 5B). To
determine whether these genes were used as a target for
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RVFV snatching, we used a forward primer containing the
first 11 bp of either CG8878 or Jupiter in addition to
another gene identified (Histone 3 [His3], a replication-
dependent histone) and a reverse primer in the N tran-
script. Using this assay, we found that the viral host-N
fusion mRNAs were increased upon Dcp2 knockdown as
compared with the control (Fig. 5D). These data suggest
that Dcp2 affects RVFV replication primarily by restrict-
ing the substrate mRNAs available for cap-snatching and
that cell cycle mRNAs are targeted by both decapping and
cap-snatching.

P-body morphology is regulated by the cell cycle

Interestingly, previous studies in human HeLa cells
suggested that the rapid turnover of replicating histone
mRNAs (such as His3) at the end of S phase is dependent
on Dcp2 (Mullen and Marzluff 2008; Su et al. 2013). This
observation, along with our identification of a large
number of cell cycle-related mRNAs as targets of RVFV-
dependent cap-snatching, suggests that cell cycle-related
mRNAs are degraded by Dcp2 in Drosophila. Emerging
data also suggest that P bodies are regulated by a number
of different biological inputs, including the cell cycle.
P-body size and number increase as mammalian cells exit
S phase and enter G2 (Yang et al. 2004). This may be due
to the influx of mRNAs encoding DNA replication
machinery and histones that need to be degraded, and
this accumulation may result in increased granule as-
sembly, leading to increased P-body size. We examined
whether P-body size or number was influenced by the cell
cycle in Drosophila. We used RNAi against cyclins to
arrest the cells in G1 (CycD knockdown) or late S/G2
(CycA knockdown) (Bjérklund et al. 2006). As expected,
we observed an increase in nuclear size upon S/G2 arrest
(Fig. 5E). This was concomitant with a significant in-
crease in P-body area and number (Fig. 5FG), suggesting
that cell cycle-dependent regulation of P bodies is deeply
conserved and that P-body size during the cell cycle may
serve as a marker for the load of mRNAs destined for
degradation.

Cell cycle arrest in late S/early G2 enhances RVFV
replication

Since P-body size is regulated by the cell cycle with the
apex at late S/early G2, which is likely due to increased
targeting of RNAs for degradation, and mRNA target
levels are seemingly a bottleneck for RVFV replication,
we hypothesized that RVFV may replicate most effi-
ciently when P bodies are at their largest and P-body
mRNAs are in high abundance. Indeed, analysis of our
validated RNAI screen gene set revealed 39 genes that
had the GO term “cell cycle” and were antiviral (Fig. 1C;
Supplemental Fig. S1). Furthermore, the entire DNA rep-
lication factor A complex (RPA2, RpA-70, and CG15220),
whose depletion results in S-phase arrest, was also anti-
viral in our screen (Supplemental Fig. S1; Supplemental
Table S1). Moreover, we found that 28 genes impacted the
cell cycle arresting at S/G2, as measured by increased
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Figure 5. Cell cycle RNAs are an enriched substrate for RVFV cap-snatching. (A) Pie chart of annotated GO function of sequences from
the 5’ end of RVFV mRNAs mapped to Drosophila. (B) Quantitative RT-PCR of levels of indicated target mRNAs normalized to RP49
as a cellular loading control and shown as fold change over nontargeting dsSRNA (luciferase). Mean *+ SD for three or more independent
experiments. (*) P < 0.05. (C) Schematic representing the position of RT-PCR primers used in D. Forward primers recognizing the first
11 nt of the host gene 5’ untranslated region (UTR) were used amplify host-RVFV fusion mRNA, and internal primers were used to
amplify total RVFV N mRNA. (D) Quantitative RT-PCR of the indicated host-RVFV N mRNA conjugates normalized to RP49 as
a loading control and shown as fold change over nontargeting dsRNA (luciferase). Mean = SD for three or more independent
experiments. (*) P < 0.05. (E-G) Cells expressing Dcpl-GFP to monitor P bodies were treated with the indicated dsRNA for 3 d, fixed,
imaged, and analyzed using MetaXpress software. Mean + SD for three or more independent experiments. n > 500 cells; (*) P < 0.05. (E)
Average nuclear area shown relative to luciferase control. (F) Average Dcpl-GFP foci size relative to luciferase control. (G) Average

number of Dcpl-GFP foci per cell relative to luciferase control.

nuclear area upon depletion (Supplemental Fig. S1;
Supplemental Table S1), of which 26 genes were anti-
viral, and 15 genes did not have an annotated GO term
associated or literature reference to the cell cycle,
suggesting that they may have a previously unknown
role in the cell cycle. To validate this, we performed
RNAI against a panel of genes that arrest the cell cycle
at specific stages. Treatment of cells with dsRNA to
arrest in S/G2 (CycA, cdc2, and RnRs) led to increased
levels of infection, while arrest in G1 (CycD, cdc2c, and
CycE) had no impact (Fig. 6A,B), consistent with the fact
that in log phase, >80% of Drosophila cells are in G1
(Boutros et al. 2004). Furthermore, we observed in-
creases in RVFV mRNA upon loss of CycA, but not
CycD, as measured by Northern blot (Fig. 6C; Supple-
mental Fig. S8A), along with increased His3-N mRNA
accumulation (Fig. 6D). To determine whether this was
specific for RVFV infection, we challenged arrested cells
with VSV. We found that VSV replication was unaffected
by S/G2 arrest, while GI1 arrest by cdc2 modestly pro-
moted infection (Fig. 6B). Altogether, these data suggest

that cell cycle arrest in late S/early G2 is advantageous
for RVFV replication, and this enhancement is specific
to bunyaviruses.

Diverse bunyaviruses are restricted by similar
mechanisms in cells

Our finding that Dcp2 restricts LACV in adult flies
prompted us to test this in cell culture. Depletion of
Dcp2 in Drosophila cells led to increased levels of LACV
replication as measured by viral RNA levels; similar
results were seen with DDX6 depletion (Fig. 6E; Sup-
plemental Fig. S8B). Next, we tested whether LACYV,
like RVFV, also replicated more efficiently in late
S/early G2, a time when Dcp2 targeted mRNAs should
be abundant. Indeed, we found that S/G2 arrest led to
increased LACV RNA replication (Fig. 6E; Supplemental
Fig. S8B). These data suggest that cap-snatching is a bot-
tleneck in the bunyaviral life cycle and that modulation of
target mRNA levels impacts the replication of diverse
bunyaviruses.
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Figure 6. Cell cycle arrest in late S/early G2 phase enhances bunyavirus replication. (A) Representative images of DL1 cells treated
with the indicated dsRNA, infected with RVFV for 30 h, fixed, and stained for RVFV N protein (green) and total nuclei (blue).
(B) Quantification of cells treated with the indicated dsRNA and then infected with either RVFV or VSV for 30 or 24 h, respectively.
Mean = SD for three or more experiments shown. (*) P < 0.05. (C) Cells were treated with the indicated cell cycle gene dsRNA.
Quantification of Northern blot analysis of RVFV N mRNA normalized to dRPS6 with the mean = SD for three or more experiments
shown. (*) P < 0.05. (D) Quantitative RT-PCR for 5’ His3-RVFV N fusion mRNA in cells treated for the indicated dsRNA for 3 d and
then infected with RVFV for 30 h. Mean = SD for three or more experiments shown. (*) P <0.05. (E) DL1 cells treated with the indicated
dsRNA and infected with LACV for 72 h. Quantification of Northern blot analysis of LACV N mRNA and the S-segment genome/anti-
genome normalized to dRPS6, with the mean = SD for three or more experiments shown. (*) P < 0.05.

Dcp2 is limiting: Ectopic expression restricts RVFV
replication

Since loss of Dcp2 leads to increased replication, we
hypothesized that enforced expression of Dcp2 may re-
strict RVFV replication by decapping—and thereby limit-
ing—the pool of available mRNAs. First, we confirmed
that RNAi against Dcp2 substantially depleted myc-Dcp2
in our Dcp2-expressing cells by immunoblot (Fig. 7A).
Next, wild-type or Dcp2-expressing cells were infected
with RVFV, and immunoblot analysis of RVFV glycopro-
tein (RVFV Gn) revealed that Dcp2 knockdown increases
RVFV infection (Fig. 7A), consistent with our findings
measured by microscopy (Fig. 2A) or Northern blot (Fig.
4E). Additionally, we found that ectopic Dcp2 expression
significantly restricted RVFV infection as measured by
both immunoblot (Fig. 7A) and microscopy (Fig. 7B). Fur-
thermore, Dcp2 knockdown restored infection in ectopi-
cally Dcp2-expressing cells to wild-type levels (compare
with luciferase-treated infected cells) (Fig. 7A,B). These
treatments had no effect on VSV infection (Fig. 7C), demon-
strating specificity. Therefore, Dcp2 levels define a set
point for RVFV infection.

Discussion

Our genome-wide RNAI screen identified and validated
a large number of genes that restrict RVFV replication.
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Among this gene set was the canonical mRNA decapping
enzyme Dcp2 and two decapping activators. The interac-
tions between mRNA decay and viral infection are an
area of burgeoning study (Gaglia and Glaunsinger 2010;
Dickson and Wilusz 2011; Moon et al. 2012); however,
there is little known about the intersection of the RNA
degradation machinery and bunyaviral infection, and so
we explored this biology. Future studies will reveal the
mechanistic roles that the other validated factors play in
viral infection. We focused on Dcp2, which specifically
restricts the replication of two diverse bunyaviruses
(RVFV and LACV) but not other RNA viruses in insects
both in vitro and in vivo. Bunyaviruses, unlike the other
RNA viruses tested, use cap-snatching to generate the
5’ end of viral mRNAs. This is in part mediated by the
bunyaviral N protein, which binds to 5’ capped mRNAs
(Mir et al. 2010). This led us to postulate that RVFV cap-
snatching competes with decapping and suggests a model
in which the availability of mRNA substrates is rate-
limiting for RVFV infection. Thus, modulation of these
targets can create or eliminate a bottleneck in viral
replication.

Indeed, we found that Dcp2 does not directly decap
viral transcripts after snatching and transcription have
occurred, as knockdown does not impact the cap status of
viral mRNAs (Fig. 4F) or their stability (Fig. 4G,H), and,
furthermore, that Xrnl knockdown does not increase
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viral mRNA stability (Supplemental Fig. S6B-D). Rather,
mRNA decapping during normal RNA turnover keeps the
pool of available mRINA targets from which bunyaviruses
can snatch at a low level. Thus, loss of the decapping
enzyme Dcp2 leads to increased bunyaviral replication,
and ectopic expression of Dcp2 restricts infection. Fur-
thermore, we found that many mRNA targets that are
snatched and incorporated into viral transcripts are cell
cycle-related. Indeed, mRNA levels in P bodies are cy-
clically altered in phase with the cell cycle. As cells
transit into late S/early G2, P bodies enlarge to accom-
modate mRNA degradation of mRNAs required for DNA
replication, and these cells support higher levels of
bunyaviral replication. Our genome-wide RNAi screen
identified a large number of cell cycle genes—including
all three subunits of the DNA replication factor A
complex—that arrest the cell cycle at this time as antivi-
ral. Interestingly, however, we found that P-body disper-
sion through knockdown of components known to be
required for P-body integrity does not affect RVFV rep-
lication; this is consistent with data showing that mi-
croscopically visible P bodies are not required per se for

P-body-associated functions, such as miRNA silencing
and NMD. Indeed, our data strengthen previous findings
that P-body morphology may be a marker for the accu-
mulation of mRNAs destined for degradation within
the cell.

We found that by modulating the pool of host mRNAs
targeted for decapping, either through changes in the ex-
pression level of Dcp2 or by arresting cells in late S/early
G2 phase, bunyavirus replication is affected in insects.
Interestingly, mRNAs carrying NMD signals were in-
corporated at an increased rate into Sin Nombre tran-
scripts in human cells, and Sin Nombre N localizes with
P bodies (Mir et al. 2008). This suggests potential conser-
vation of decapping as antiviral against bunyaviruses in
mammals. In further support of this, Dcp2 is inducible by
type I interferons (Samarajiwa et al. 2009; Li et al. 2012).
While Drosophila only encode one characterized decap-
ping enzyme, a second decapping enzyme (NUDT16) has
been recently characterized in both mice and humans
(Song et al. 2010), and an additional six nudix domain-
containing proteins in mice and one in yeast have been
shown to have various degrees of decapping activity (Song

GENES & DEVELOPMENT 1521



Hopkins et al.

et al. 2013). Drosophila encodes no NUDT16 ortholog;
however, it does encode for 14 other nudix domain
containing proteins, none of which were identified as
antiviral in our genome-wide screen. Recent studies have
identified a novel decapper in bacteria, which do not cap
their RNA, suggesting that decapping activity is ancient
and preceded mRNA capping in evolution (Song et al.
2013). This may further support a role for decapping in
antiviral defense. Interestingly, comparisons have re-
vealed that DCP2 and NUDTI16 have both redundant
and specific targets (Li et al. 2011), suggesting that in
eukaryotes, decapping may be far more complex than
first thought.

One interesting question raised by these observations
is why bunyaviruses transcribe their viral mRNA in an
area rife with mRNA degradation machinery. This is
particularly perplexing when considering the fact that
viral RNA transcription is dependent on translation, and
P bodies are ribosome-free. We have four hypotheses that
might explain why bunyaviruses use mRNAs destined for
degradation as the target for cap-snatching. First, these
targets are largely present in a spatially concentrated area
and are destined for degradation. Thus, snatching caps
from these mRNAs should not negatively impact cell
viability. Second, cytoplasmically replicating RNA vi-
ruses must compartmentalize their replication steps in
order to enhance efficiency; segregating RNA transcrip-
tion to these areas (P bodies) may prevent competition
between cap-snatching, genome replication, and viral
RNA packaging into virions. Third, microscopy studies
indicate that P bodies, and perhaps the RNA degrada-
tion machinery in general, are surrounded by ribosomes
(Cougot et al. 2012; Weil et al. 2012). Furthermore, recent
studies in Drosophila have shown that during oogenesis
and early egg activation, translation of mRNAs necessary
for proper axis formation depends on RNA localization
within subcompartments of P-body-like RNPs (Weil et al.
2012). RNAs located deep within the P-body core are
associated with decapping activators and are translation-
ally repressed, while those located toward the edge of the
P body are able to interact with ribosomes associated
with the periphery of the P body and can initiate trans-
lation. This pool of readily available ribosomes may be
optimal for initiation of translation of viral mRNAs, since
bunyaviral mRNA transcriptional elongation requires
translation to be occurring concomitantly (Barr 2007).
Thus, it is possible that these ribosomes serve this
function. Finally, we speculate that the 5’ end of the
host mRNA molecule, once cleaved, may represent an
abnormal or “foreign” RNA structure to the host cell (5’
monophosphate on an RNA with a 3’ poly-A tail). While
cellular RNA molecules exist with 5° monophosphates,
such as TRNA, these RNAs are heavily associated with
proteins (which may occlude recognition of their 5’ end
structure) and are not polyadenylated. Snatching in these
localized environments may ensure that mRNAs that are
targeted for snatching can be rapidly degraded by the
P-body-resident processive exonuclease Xrnl. Indeed, there
may be parallels between bunyaviral snatching of Dcp2
targeted pools in the cytoplasm and nuclear pre-mRNAs
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by orthomyxoviruses. Many pre-mRNAs are aberrantly
synthesized, and therefore the nucleus has surveillance
machinery that includes an Xrnl homolog Ratl that
targets uncapped mRNAs for degradation. Therefore, in
both cases, the uncapped host mRNA is under close
surveillance and thus has a very short half-life.

Altogether, we explored the host factor dependencies
of RVFV, leading to the finding that two diverse bun-
yaviruses are restricted by mRNA decapping. Further-
more, these studies have revealed new aspects of RNA
decay and the regulation of these compartments; our re-
sults indicate that alteration of P-body morphology during
cell cycle progression is a deeply conserved process from
insects to mammals (Yang et al. 2004). We also provide
evidence that in Drosophila, Dcp2 decaps mRNAs in-
volved in cell cycle progression and DNA replication in
addition to previously established roles in regulating
histone mRNA levels in human cells (Mullen and Marzluff
2008). This suggests that decapping in Drosophila more
generally targets mRINAs undergoing rapid turnover. RNA
profiling studies in murine cells depleted of Dcp2 or
NUDT16 suggest that in higher organisms, the decapping
of mRNAs is specialized (Li et al. 2012). Thus, selective
activation of decapping may potentially be a viable ther-
apeutic approach to degrade RVFV-accessible mRNAs.
Indeed, Dcp2 is potentially regulated: In yeast, phosphor-
ylation of Dcp2 by Ste20 is necessary for Dcp2 recruitment
to P bodies (Yoon et al. 2010), and vertebrate Dcp2 has
a number of conserved uncharacterized phosphorylation
sites (Hornbeck et al. 2011). Further studies will reveal
whether decapping of specific cargo can be selectively
regulated in insects and mammals.

Materials and methods

Cells, viruses, antibodies, and reagents

Drosophila DL1 cells were grown and maintained as previously
described (Cherry and Perrimon 2004). VSV-eGFP (gift from
J. Rose) was grown in BHK cells as described (Ramsburg et al.
2005). Sindbis/GFP (gift from R. Hardy) was grown in C636 cells
(Burnham et al. 2007). DCV was grown and purified as described
(Cherry and Perrimon 2004). The MP12 strain of RVFV was
grown in Vero cells as described (Filone et al. 2010). An original
strain of LACV was prepared as described previously (Janssen
et al. 1984). Antibodies were obtained from the following
sources: anti-GFP (Invitrogen), anti-tubulin (Sigma), anti-DCV
(Cherry and Perrimon 2004), and anti-RVFV N ID8 and anti-
RVFV Gn 4D4 (gifts from R. Doms). Fluorescent secondary an-
tibodies were obtained from Invitrogen, and HRP-conjugated
antibodies were from Amersham. Additional chemicals were
obtained from Sigma.

RNAi

dsRNAs were generated as described (Boutros et al. 2004). For
RNAi, DL1 or Aag2 cells were passaged into serum-free medium
and plated into wells containing dsSRNA. One hour later, com-
plete medium was added, and cells were incubated for 3 d.

Viral infections

Three days post-RNAi, cells were infected with the indicated
viral inoculum. VSV (MOI = 0.01) and DCV (MOI = 0.4) were



processed at 24 hpi. SIN (MOI = 2.5) and RVFV (DL1-MOI = 0.01;
Aag-2-MOI = 0.06) were spinoculated at 1200 rpm for 2 h and
processed at 36 and 30 hpi, respectively. For RNA collection, cells
were infected with either RVFV (MOI =0.1) or LACV (MOI = 2..5),
spinoculated at 1200 rpm for 2 h, and collected at either 30 or 72 h,
respectively.

Immunofluorescence

Cells were fixed, processed, imaged by automated microscopy,
and subjected to automated image analysis as described (Rose
et al. 2011). For colocalization studies, z-stacks of 20 planes were
taken at 63X, deconvolved, and scored.

RNA analysis

Total RNA was extracted, Northern-blotted, and quantified as
previously described (Cherry et al. 2005). RT-qPCR was per-
formed as previously described (Xu et al. 2012). Primer sequences
are described in the Supplemental Material.

CHX treatment

Drosophila cells were treated with the indicated dsRNA and
infected with RVFV. Twenty-four h post-infection, cells were
treated with 10 pg/mL CHX, and total RNA was collected every
30 min.

5" RACE and cloning

5" RACE was performed using the FirstChoice RLM-RACE kit
from Ambion according to the manufacturer’s instruction. RT-
PCR was performed as described (Xu et al. 2012) using primers
specific for the 5' RACE adaptor (forward) and RVFV N transcript
(reverse) and gel-purified (Qiagen) prior to ligation using the
TOPO TA cloning system (Invitrogen). Sequences were blasted
against the Drosophila genome; those that matched within 40 bp
of the annotated 5’ end of a transcript and containing less than or
equal to one end mismatch were considered hits. Bowtie analysis
yielded the same results.

Exonuclease digest assay

Ten micrograms of total RNA was denatured for 2 min at 95°C,
then either mock-treated or digested using terminator exonu-
clease (Epicentre) as per the manufacturer’s instructions, and
evaluated by Northern blot.

Adult fly infections

Flies were obtained from the Vienna Drosophila RNAi Center
(VDRC) or Bloomington Stock Center. Flies (4-7 d old) carry-
ing UAS-Dcp2 IR (VDRC transformant: 22272) or control
(w1118) were crossed to hs-Gal4 and challenged and heat-
shocked every 2 d (RVFV) or maintained at 29°C throughout
the experiment (LACV) (Cherry and Perrimon 2004). Flies
were monitored daily for mortality (analyzed with a log-rank
test), or 15 flies per condition were processed at the indicated
time point post-infection for RNA analysis as described (Xu
et al. 2012).
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